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 19 
ABSTRACT 20 
A new method of reinforcing concrete columns with steel equal angle (SEA) sections has been 21 
investigated. A total of 12 square High Strength Concrete (HSC) column specimens (210 mm (8.26 22 
in.) sides and 600 mm (23.62 in.) height) reinforced longitudinally with either steel bars or SEA 23 
sections were cast and tested. The lateral tie spacing of specimens varied from 50 mm (1.96 in.) to 24 
400 mm (15.74 in.). The influences of the type of longitudinal reinforcement and the spacing of 25 
lateral ties on the behavior of HSC specimens under axial compression were investigated. 26 
2 
 
Experimental results showed that the use of the SEA sections as longitudinal reinforcements in HSC 27 
column specimens led to significant improvements in the axial load carrying capacity and ductility 28 
compared to the corresponding HSC column specimens reinforced longitudinally with steel bars.  29 
 30 




Composite columns are usually used in high-rise buildings due to high strength, stiffness, ductility, 35 
and seismic resistance of composite columns.1,2 There are two main types of composite columns: 36 
concrete encased steel section and concrete filled hollow steel section. Encased composite columns 37 
(concrete encased steel section) are being increasingly used as structural members because of their 38 
higher fire resistance compared to the concrete filled hollow steel sections, which require protection 39 
against fire.3 Also, in the encased composite column, the local buckling resistance of encased steel 40 
section is higher.4 In addition, the use of encased steel sections in composite columns reduces the 41 
cross-sectional dimensions and increases the strength-to-weight ratio of the columns.2 According to 42 
a detailed literature review carried out herein, no study is available in the literature that deals with 43 
high strength concrete (HSC) columns reinforced with steel equal angle (SEA) sections. 44 
The use of high-strength concrete (HSC) in the buildings has increased in recent years.5-7 However, 45 
the ductility of HSC is lower than the ductility of normal strength concrete (NSC).8-11 Also, HSC 46 
columns under concentric axial compression experience premature concrete cover spalling, which 47 
considerably decreases the axial strength of columns.12 Therefore, the ductility and the strength of 48 
HSC columns were extensively investigated.13-15 In general, more lateral reinforcement is required 49 
in HSC columns than in NSC columns to achieve a similar ductility.16,17 50 
Concrete columns are commonly reinforced longitudinally with conventional steel bars and laterally 51 
with either ties or helices. For square concrete columns reinforced with lateral ties, the area of the 52 
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effectively confined concrete core is less than the total area of the concrete core, which results in 53 
lower strength and ductility of the square RC columns.18 In this study, Steel Equal Angle (SEA) 54 
sections were used as longitudinal reinforcement for square HSC columns. The SEA sections have 55 
been widely used in the construction of steel structures. 19-21 However, no previous study investigated 56 
the use of SEA sections in reinforcing HSC columns. The use of SEA sections instead of 57 
conventional steel bars in the square HSC columns can increase the confinement of the concrete core, 58 
which may increase the ductility of columns under axial compression. In addition, the SEA section 59 
has a higher second moment of area than the conventional steel bar for the same cross-sectional area, 60 
which may increase the buckling load of the longitudinal reinforcement. As a result, less lateral ties 61 
may be required in HSC columns reinforced with SEA sections than in HSC columns reinforced with 62 
steel bars. This study investigates the influence of the SEA sections on the failure modes, maximum 63 
axial load, confinement efficiency and post-peak axial load-axial deformation behavior of the square 64 
HSC columns.  65 
 66 
RESEARCH SIGNIFIANCE 67 
One of the main problems associated with the use of HSC in the construction of reinforced concrete 68 
columns is that the ductility of HSC columns is usually lower than the ductility of NSC columns. To 69 
increase the ductility of HSC columns under axial compression, this study investigates the 70 
effectiveness of the use of SEA sections, instead of steel bars, as longitudinal reinforcements in 71 
square HSC columns. The findings of this study can be used to evaluate the feasibility of reinforcing 72 
square HSC columns with longitudinal SEA sections. 73 
 74 
EXPERIMENTAL PROGRAM 75 
Specimen Details 76 
The experimental program aimed at investigating the influence of the longitudinal reinforcement 77 
(steel bars and SEA sections) and the spacing of lateral reinforcement (ties) on the behavior of square 78 
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HSC column specimens under axial compression. A total of 12 square HSC column specimens with 79 
210 mm × 210 mm (8.26 in. × 8.26 in.) cross-section and 600 mm (23.62 in.) height were cast and 80 
tested under concentric axial compression. The tested specimens were divided into three groups of 81 
four specimens (Table 1). The tie spacing in each group of specimens varied from 50 mm (1.96 in.) 82 
to 400 mm (15.74 in.) (Fig. 1). The specimens in the first group (Group B) served as the reference 83 
specimens and were reinforced longitudinally with four N12 steel bars (12 mm (0.47 in.) diameter 84 
deformed steel bars with 500 MPa (72.51 ksi) nominal yield tensile strength) and laterally with R10 85 
steel bars (10 mm (0.39 in.) diameter plain steel bars with 250 MPa (36.25 ksi) nominal yield tensile 86 
strength). In the second group (Group A30), the specimens were reinforced longitudinally with four 87 
A30 SEA sections (29.1 mm (1.14 in.) leg width and 2.25 mm (0.08 in.) thickness with 350 MPa 88 
(50.76 ksi) nominal yield tensile strength) and laterally with R10 steel bars. The specimens in the 89 
third group (Group A40) were reinforced longitudinally with four A40 SEA sections (39.3 mm (1.54 90 
in.) leg width and 3.7 mm (0.14 in.) thickness with 450 MPa (65.27 ksi) nominal yield tensile 91 
strength) and laterally with R10 steel bars.  92 
The tested column specimens were identified in two parts (Table 1). In the first part, B, A30, and 93 
A40 represent N12 steel bar, A30 SEA section and A40 SEA section, respectively. In the second part 94 
S50, S100, S200, and S400 represent the tie spacing of 50 mm (1.96 in.), 100 mm (3.93 in.), 200 mm 95 
(7.87 in.) and 400 mm (15.74 in.) at centers, respectively. For instance, Specimen A30-S100 was 96 
reinforced longitudinally with four A30 SEA sections and laterally with R10 steel bars having a tie 97 
spacing of 100 mm (3.93 in.) at centers.  98 
 99 
Material Properties 100 
The column specimens were cast vertically with ready-mix high strength concrete (HSC) provided 101 
by a local supplier. The maximum size of the coarse aggregate was 10 mm. The slump of the 102 
concrete, tested according to AS 1012.3.1-14,22 was 180 mm, which represented a good workability 103 
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of the concrete. The compressive strength of the concrete was determined by testing three concrete 104 
cylinder specimens of 100 mm (3.93 in.) diameter and 200 mm (7.87 in.) height according to AS 105 
1012.9-99.23 The average 28-day compressive strength of the concrete was 68.5 MPa (9.93 ksi). 106 
Three samples from each of N12 bars and R10 bars were tested in tension according to AS 1391-107 
0724 by using 500 kN (112.40 kip) Instron testing machine in the Structural Engineering Laboratory 108 
at the University of Wollongong, Australia. The average yield tensile strengths of N12 and R10 steel 109 
bars were 556 MPa (80.64 ksi) and 323 MPa (46.84 ksi), respectively.  110 
Two different steel equal angle (SEA) sections were used in this study. The SEA sections were 111 
supplied by OneSteel.25 The nominal and measured dimensions of the SEA sections are reported in 112 
Table 2. For each SEA section, tensile coupon specimens were taken from the flat portion of the 113 
SEA section. Three samples from each of A30 and A40 SEA sections were tested according to AS 114 
1391-0724 by using 500 kN (112.40 kip) Instron testing machine. The average yield tensile strengths 115 
of A30 and A40 SEA sections were 374 MPa (54.24 ksi) and 473 MPa (68.60 ksi), respectively.  116 
Formwork and Steel Cages 117 
The formwork used for casting the concrete specimens was fabricated from 17 mm (0.66 in.) thick 118 
plywood. The formwork included two groups of small formwork. Each group was used for casting 119 
six specimens. The small formwork was fabricated using two large sheets of plywood (1439 mm 120 
(56.65 in.) × 600 mm (23.62 in.) × 17 mm (0.66 in.)) and seven small sheets of plywood (220 mm 121 
(8.66 in.) × 600 mm (23.62 in.) × 17 mm (0.66 in.)). The formwork was prepared by placing the 122 
plywood sheets together with screws. The longitudinal N12 steel bars and SEA sections were cut 123 
into a length of 560 mm (22.04 in.) to maintain a 20 mm (0.78 in.) concrete clear cover at the top 124 
and the bottom of the specimens. For all specimens, the concrete side cover was 21 mm (0.82 in.). 125 
Square ties were fabricated from R10 steel bars for all specimens. All ties were bent at four corners 126 
with a radius of 6 mm (0.23 in.) so that the ties could be placed over the SEA sections. Also, the ties 127 
were bent for 90-degree hooks around one of the longitudinal reinforcement and extended for an 128 
overlap of 80 mm (3.14 in.) at both ends. Each tie was welded at three points on the overlap. The 129 
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spacing of lateral ties was reduced to 40 mm (1.57 in.) at the end regions to prevent premature failures 130 
at the ends (Fig. 1). 131 
Deformed N12 steel bars and smooth SEA sections were used as longitudinal reinforcement. In order 132 
to decrease the possible slippage of the SEA sections in the specimens reinforced with SEA sections, 133 
two short plain steel bars (8 mm (0.31 in.) diameter and 40 mm (1.57 in.) long) were welded laterally 134 
between the ends of the SEA sections at the top and the bottom. In addition, two short steel bars (16 135 
mm (0.62 in.) diameter and 70 mm (2.75 in.) length) were welded internally and axially at the top 136 
and bottom of each SEA section (Fig. 2). Afterwards, all steel cages were prepared by placing the 137 
longitudinal and lateral reinforcement together with steel wires. The concrete was poured into the 138 
formwork in three levels. An electric vibrator was used at every level to compact the concrete and 139 
remove air bubbles. After 24 hours, the specimens were covered with wet hessian for 28 days to 140 
ensure that the specimens remained under moist conditions. The specimens were removed from the 141 
formwork after 14 days from casting and kept covered with wet hessian until 28 days from casting.  142 
Instrumentation and Testing Procedure 143 
The column specimens were instrumented externally to capture the axial deformation of the 144 
specimens by using two linear variable differential transducers (LVDTs), as shown in Fig. 3. The 145 
LVDTs were attached to the heads of the testing machine at two opposite corners to capture the axial 146 
deformation of the specimens (Fig. 3). The axial compression was captured by the internal load cell 147 
of the testing machine.  148 
To ensure that the load is applied uniformly, the top surface (rough surface) of the column specimens 149 
was capped with a thin layer of high strength plaster. To avoid premature failure of the specimens 150 
during testing, the top and the bottom ends of the column specimens were wrapped by two layers of 151 
Carbon Fiber Reinforced Polymer (CFRP) sheets with a width of 90 mm (3.54 in.). The testing of 152 
the column specimens was carried out using the 5000 kN (1124.04 kip) Denison compression testing 153 
machine in the Structural Engineering Laboratories at the University of Wollongong, Australia. At 154 
the beginning of the test, each specimen was preloaded to about 10% of the expected maximum axial 155 
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load of the specimens to prevent any movement in the specimens at the beginning of the test. 156 
Afterwards, the test resumed under a displacement controlled concentric axial loading at the rate of 157 
0.3 mm/minute (0.01 in./minute) until the strength of the specimens dropped to about 20% of the 158 
maximum axial load. The LVDTs were connected to a data logger to record the data at every two 159 
seconds.  160 
 161 
EXPERIMENTAL RESULTS AND DISCUSSIONS 162 
Definition of Ductility 163 
The ductility (𝜇) of the tested column specimens was calculated based on the energy absorption 164 
capacity of the specimen. The ductility was calculated as the ratio of the area under the axial load-165 
axial deformation curve up to the ultimate deformation and the area up to the deformation 166 






where 𝐴𝑦 and  𝐴𝑢 are the areas under the axial load-axial deformation curves up to the yield 168 
deformation (∆𝑦) and up to the ultimate deformation (∆𝑢), respectively. The yield deformation (∆𝑦) 169 
is taken as the axial deformation corresponding to the intersection point of an extension line through 170 
75% of the maximum axial load and the horizontal line from the maximum axial load.28 The ultimate 171 
deformation was measured as the axial deformation at an axial load equal to 80% of the maximum 172 
axial load in the descending branch of the axial load-axial deformation curve.29 173 
Behavior of Column Specimens with 50 mm Tie Spacing 174 
Specimens B-S50, A30-S50, and A40-S50 were reinforced longitudinally with N12 steel bars, A30 175 
SEA sections and A40 SEA sections, respectively. The spacing of lateral ties for B-S50, A30-S50, 176 
and A40-S50 was 50 mm at centers (center-to-center). All the specimens were tested up to about 177 
20% of the maximum axial load in the post-peak descending branch of the axial load-axial 178 
deformation response. The maximum axial load and corresponding axial deformation of the 179 
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Specimens B-S50, A30-S50 and A40-S50 are reported in Table 3. The maximum axial load 180 
represents the axial load carried by the gross concrete cross-sectional area (concrete core and 181 
concrete cover) of specimens. Generally, there were some visual cracks prior to the maximum axial 182 
load. The first hairline cracks in Specimens B-S50 and A30-S50 appeared at about 88% and 86%, 183 
respectively, of the corresponding maximum axial loads. These hairline cracks were observed at the 184 
mid-height of the specimens. As the axial load increased, the number, length, and width of the cracks 185 
increased until the spalling of the concrete cover. The first hairline crack in Specimen A40-S50 was 186 
initiated at approximately 90% of the maximum axial load. This crack occurred at the top one-third 187 
height of the specimen and then the cracks appeared at the midheight of the specimen. Afterwards, 188 
the number, length and width of the cracks increased until the spalling of the concrete cover. The 189 
failure of Specimens B-S50, A30-S50, and A40-S50 was attributed to the spalling of large pieces of 190 
the concrete cover, which was followed by outward buckling of longitudinal reinforcement and 191 
fracture of lateral ties at welded points, as shown in Fig. 4.  192 
The axial load-axial deformation responses of the specimens with 50 mm tie spacing are shown in 193 
Fig. 5(a). The maximum axial load carried by the reference Specimen B-S50 was 2929 kN (658.46 194 
kip), which is about 11.6% higher than the maximum axial load of Specimens A30-S50. The 195 
maximum axial load of Specimen B-S50 was higher because the average yield tensile strength of 196 
N12 steel bars was 49% higher than the average yield tensile strength of A30 SEA sections. At the 197 
maximum axial loads, the force contribution of N12 steel bars in Specimen B-S50 was 27% greater 198 
than the force contribution of A30 SEA sections in Specimen A30-S50. However, the ductility of 199 
Specimen A30-S50 was 44.4% greater than the ductility of Specimen B-S50. The greater ductility 200 
of Specimen A30-S50 indicates that SEA sections increased the area of the effectively confined 201 
concrete core after cracking occurred at the cover-core interface. The maximum axial load of 202 
Specimens A40-S50 was 2.7% higher than the maximum axial load of Specimen B-S50. Also, the 203 
ductility of Specimen A40-S50 was 50.0% higher than the ductility of Specimen B-S50. The reason 204 
for the higher maximum axial load and the ductility was attributed to the higher confinement to the 205 
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concrete core provided by the A40 SEA sections. Another possible reason was that at the maximum 206 
axial load, the force contribution of A40 SEA in Specimen A40-S50 was about 50% higher than the 207 
force contribution of N12 steel bars in Specimen B-S50. The maximum axial load of Specimen A40-208 
S50 was 14.6% higher than the maximum axial load of Specimen A30-S50. The reason for the higher 209 
maximum axial load was that at the maximum axial load, the force contribution of A40 SEA in 210 
Specimen A40-S50 was about 64% higher than the force contribution of A30 SEA sections in 211 
Specimen A30-S50. Also, Specimen A40-S50 achieved only 3.8% higher ductility than Specimen 212 
A30-S50. The higher ductility for Specimen A40-S50 indicates that the A40 SEA sections were more 213 
effective than the A30 SEA sections in confining the concrete core of the specimen.  214 
Behavior of Column Specimens with 100 mm Tie Spacing 215 
Specimens B-S100, A30-S100, and A40-S100 were reinforced longitudinally with N12 steel bars, 216 
A30 SEA sections, and A40 SEA sections, respectively. The spacing of lateral ties for B-S100, A30-217 
S100, and A40-S100 was 100 mm (3.93 in.) at centers. All the specimens were tested up to about 218 
20% of the maximum axial load in the post-peak descending branch of the axial load-axial 219 
deformation response. The test results of Specimens B-S100, A30-S100, and A40-S100 are reported 220 
in Table 3. The first hairline cracks in Specimens B-S100 and A30-S100 appeared at approximately 221 
90% and 82%, respectively, of the corresponding maximum axial loads. The cracks occurred at the 222 
top one-third height of the specimens and then the cracks were observed at the midheight of the 223 
specimens. Afterwards, the number, length, and width of cracks continued to increase until the 224 
concrete cover spalled off. The hairline crack in Specimen A40-S100 was initiated at about 83% of 225 
the maximum axial load. These cracks were observed at the top one-third of the specimen and then 226 
the cracks extended downwards and continued to increase in number and size until the spalling of 227 
the concrete cover occurred. The failure of Specimens B-S100, A30-S100, and A40-S100 was 228 
characterized by the spalling of concrete cover, which was followed by outward buckling of 229 
longitudinal reinforcement (Fig. 4).  230 
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The axial load-axial deformation responses of the specimens with 100 mm tie spacing are shown in 231 
Fig. 5(b). The maximum axial load of Specimen B-S100 was similar to the maximum axial load of 232 
Specimen A30-S100, although, at maximum axial loads, the force contribution of N12 steel bars in 233 
Specimen B-S100 was 27% higher than the force contribution of A30 SEA sections in Specimen 234 
A30-S100. It was also observed that the ductility of Specimen A30-S100 was 12.5% higher than the 235 
ductility of the Specimen B-S100. Specimen A40-S100 obtained 8.0% higher maximum axial load 236 
compared to Specimen B-S100. The reason for the higher maximum axial load was that at the 237 
maximum axial load, the force contribution of A40 SEA sections in Specimen A40-S100 was about 238 
50% greater than the force contribution of N12 steel bars in Specimen B-S100. In addition, Specimen 239 
A40-S100 achieved 18.8% higher ductility than Specimen B-S100. The use of SEA sections as 240 
longitudinal reinforcement resulted in higher ductility compared to the conventional steel bar 241 
reinforced specimens due to the increased confinement of the concrete core provided by the SEA 242 
sections. It is noted that specimens reinforced longitudinally with N12 steel bars had about 30% and 243 
50% lower confinement effectiveness coefficient (𝑘𝑒) than specimens reinforced longitudinally with 244 
A30 and A40 SEA sections, respectively. The confinement effectiveness coefficient (𝑘𝑒) of the 245 
specimens was calculated based on Mander et al. 30 The maximum axial load of Specimen A40-S100 246 
was 8.3% higher than the maximum axial load of Specimen A30-S100. Also, Specimen A40-S100 247 
achieved 5.6% higher ductility compared to Specimen A30-S100. This may be because the force 248 
contribution of A40 SEA in Specimen A40-S100 was about 64% greater than the force contribution 249 
of A30 SEA sections in Specimen A30-S100.  250 
Behavior of Column Specimens with 200 mm Tie Spacing 251 
Specimens B-S200, A30-S200, and A40-S200 were reinforced longitudinally with N12 bars, A30 252 
SEA sections, and A40 SEA sections, respectively. The spacing of lateral ties for Specimens B-S200, 253 
A30-S200, and A40-S200 was 200 mm (7.87 in.) at centers. All these specimens were tested up to 254 
about 20% of the maximum axial load in the post-peak descending branch of the axial load-axial 255 
deformation response. The test results of Specimens B-S200, A30-S200 and A40-S200 are reported 256 
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in Table 3. For Specimen B-S200, the first hairline crack began at about 93% of the maximum axial 257 
load. This first crack occurred at the top one-third height of the specimens and then the cracks 258 
appeared at the midheight of the specimen. As the axial load increased close to the failure condition, 259 
the number and size of the cracks increased until spalling of the concrete cover was observed. 260 
Whereas, the first hairline cracks in Specimens A30-S200 and A40-S200 started at about 91% and 261 
87%, respectively, of the corresponding maximum axial loads. These cracks were observed at the 262 
mid-height of the specimens. Afterwards, with the increase of the applied axial load, the number and 263 
size of the cracks increased and the concrete cover spalled off. The observed failure in Specimens B-264 
S200 was attributed to the crushing of the concrete core due to the spalling of concrete cover and the 265 
instability of longitudinal reinforcements (Fig. 6). The failure of Specimens A30-S200 and A40-266 
S200 was attributed to the spalling of the concrete cover, which was followed by outward buckling 267 
of longitudinal SEA sections (Fig. 6).  268 
The axial load-axial deformation responses of the specimens with 200 mm tie spacing are shown in 269 
Fig. 5(c). The maximum axial load of Specimen A30-S200 was 2.9% higher than the maximum axial 270 
load of Specimen B-S200. It is noted that the average yield tensile strength of steel bars was 49% 271 
higher than the average yield tensile strength of A30 SEA sections which resulted in 27% higher 272 
force contribution of N12 steel bars in B-S200 specimen compared to the force contribution of A30 273 
SEA section in A30-S200 specimen at the maximum axial load. This increase in the maximum axial 274 
load in Specimen A30-S200 was because when the spacing of lateral ties increased, the failure of 275 
longitudinal reinforcement (steel bars or SEA sections) tended to be controlled by the buckling more 276 
than the yielding of longitudinal reinforcement. The confinement provided by the lateral ties 277 
decreased with the increase in the spacing of lateral ties. The maximum axial load of Specimen A30-278 
S200 was higher because A30 SEA section had a higher second moment of area and hence showed 279 
higher buckling load. In addition, Specimen A30-S200 obtained 6.7% greater ductility compared to 280 
Specimen B-S200. The reason of greater ductility in Specimen A30-S200 was that as the buckling 281 
load of longitudinal reinforcement increased, the confinement effect to the concrete core increased.31 282 
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The maximum axial load of Specimen A40-S200 was 16.3% greater than the maximum axial load 283 
of Specimen B-S200. The reason of higher maximum axial load might be because the N12 steel bars 284 
in Specimen B-S200 buckled before yielding, whereas the A40 SEA sections yielded before buckling 285 
due to higher buckling load of A40 SEA sections than the buckling load of N12 steel bars. Also, 286 
Specimen A40-S200 showed 13.3% higher ductility than Specimen B-S200. Hence, reinforcing 287 
specimens with SEA sections improved the performance of the specimens because of higher buckling 288 
load of SEA sections than the buckling load of steel bars and also because of the increase in the 289 
effective confinement of concrete core. The higher buckling load for SEA sections was because the 290 
second moment of area of the SEA section was greater than the second moment of area of the steel 291 
bar for the similar cross-sectional area. Specimen A40-S200 showed only 13.0% higher maximum 292 
axial load compared to Specimen A30-S200. The higher maximum axial load in Specimen A40-S200 293 
may be because A40 SEA sections in Specimens A40-S200 had higher force contribution than A30 294 
SEA sections in Specimen A30-S200. Also, the ductility of Specimen A40-S200 was 6.2% higher 295 
than the ductility of Specimen A30-S200. The higher ductility in Specimen A40-S200 indicated that 296 
A40 SEA sections provided better confinement of the concrete core.  297 
Behavior of Column Specimens with 400 mm Tie Spacing 298 
Specimens B-S400, A30-S400, and A40-S400 were reinforced longitudinally with N12 steel bars, 299 
A30 SEA sections, and A40SEA sections, respectively. The spacing of lateral ties for B-S400, A30-300 
S400, and A40-S400 was 400 mm (15.74 in.) at centers. The test results of Specimens B-S400, A30-301 
S400 and A40-S400 are presented in Table 3. It is noted that the spacing of lateral ties in the 302 
specimen B-S400 was higher than the required spacing of lateral ties recommended in AS 3600-0932 303 
and ACI 318-14.33 Specimen B-S400 was designed to compare the behavior of Specimens A30-S400 304 
and A40-S400 in terms of failure mode, strength, and ductility. The first hairline cracks in Specimens 305 
B-S400, A30-S400 and A40-S400 started at approximately 90%, 89%, and 88%, respectively, of 306 
their maximum axial loads. These cracks were observed at the mid-height of the specimens. As the 307 
applied axial load increased close to the maximum axial load, the cracks extended both upwards and 308 
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downwards of the specimens. Afterwards, the number and size of the cracks increased and the 309 
concrete cover spalled off. The failure in Specimen B-S400 was characterized by the crushing of 310 
concrete core, which occurred after the spalling of the concrete cover and outward buckling of 311 
longitudinal steel bars (Fig. 6). The failure in Specimens A30-S400 and A40-S400 was characterized 312 
by outward buckling of longitudinal SEA sections without crushing of concrete core (Fig. 6).  313 
The axial load-axial deformation responses of the specimens with 400 mm tie spacing are shown in 314 
Fig. 5(d). The maximum axial load of Specimens A30-S400 was 42.5% higher than the maximum 315 
axial load of Specimen B-S400. This may be because the use of SEA sections instead of steel bars 316 
in reinforcing square HSC column specimens significantly increased the buckling load of 317 
longitudinal reinforcement. The minimum second moment of area of the A30 SEA section was about 318 
77% higher than the second moment of the area of the conventional steel bar for the same cross-319 
sectional area. In addition, the minimum radius of gyration of the A30 SEA section was about 50% 320 
greater than the radius of gyration of the conventional steel bar for the same cross-sectional area. 321 
The lower axial load carrying capacity of Specimen B-S400 was due to the instability of longitudinal 322 
bars (buckling of longitudinal steel bars at an early stage of loading), which pushed out the concrete 323 
cover and created weakness planes between the concrete cover and the concrete core. Similar 324 
observations were also reported Saatcioglu and Razvi.34 Therefore, the ductility of Specimen B-S400 325 
was not further analysed. The maximum axial load of Specimen A40-S400 was 52.2% higher than 326 
the maximum axial load of Specimen B-S400. This significantly high maximum axial load in 327 
Specimen A40-S400 was because the confinement efficiency of the concrete core of the specimens 328 
increased by using A40 SEA sections as longitudinal reinforcement instead of N12 steel bars. 329 
Another possible reason is that at maximum axial load, the conventional steel bars in Specimen B-330 
S400 reached buckling before yielding of the longitudinal steel bars. However, at maximum axial 331 
load, the A40 SEA sections in Specimen A40-S400 yielded before buckling as A40 SEA sections 332 
had much higher buckling load than N12 steel bars. The maximum axial load of Specimen A40-S400 333 
was 6.9% higher than the maximum axial load of Specimen A30-S400. Also, the ductility of 334 
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Specimen A40-S400 was 6.7% higher than the ductility of Specimen A30-S400. This indicates that 335 
A40 SEA sections were more effective than A30 SEA sections in confining the concrete core of the 336 
specimen.  337 
 338 
INFLUENCE OF LATERAL TIE SPACING ON THE BEHAVIOR OF THE TESTED 339 
SPECIMENS 340 
In this section, the influence of increasing the spacing of lateral ties from 50 mm (1.96 in.) to 400 341 
mm (15.74 in.) in each group of specimens was investigated and discussed. The main aim is to 342 
investigate the effect of increasing lateral tie spacing on the strength, ductility and buckling load for 343 
each group of specimens. As discussed above, the use of SEA section as longitudinal reinforcement 344 
led to increased effective confinement of the concrete core and greater buckling load compared to 345 
the use of the N12 steel bars. Therefore, the improvements in the effective confinement of concrete 346 
core and buckling load for SEA sections influenced the strength and ductility of the specimens 347 
particularly with the increase in the lateral tie spacing. To be on the safe side, the minimum second 348 
moment of area and the minimum radius of gyration of the A30 and A40 SEA sections were selected 349 
to compare with the second moment of area and radius of gyration of N12 steel bars. The second 350 
moment of area and radius of gyration of N12 steel bar were about 1018 mm4 (0.0024 in4) and 3 mm 351 
(0.11 in.), respectively. The minimum second moment of area and the minimum radius of gyration 352 
of A30 SEA section were about 4380 mm4 (0.0105 in4) and 6 mm (0.23 in.). The minimum second 353 
moment of area and minimum radius of gyration of A40 SEA section were about 15700 mm4 (0.0377 354 
in4) and 8 mm (0.31 in.), respectively.  355 
The test results of the specimens in Group B are reported in Table 3. The axial load-axial deformation 356 
responses of the specimens in Group B are presented in Fig. 7(a). The maximum axial load of 357 
Specimen B-S50 was 11.5% higher than the maximum axial load of Specimen B-S100. The ductility 358 
of Specimen B-S50 was 12.5% greater than the ductility of Specimen B-S100. Specimen B-S50 359 
achieved 22.1% and 20.0% higher maximum axial load and ductility, respectively, compared to 360 
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Specimen B-S200. Furthermore, the maximum axial load of Specimen B-S50 was 70.6% higher than 361 
the maximum axial load of Specimen B-S400. The sharp decrease of the axial load of Specimen B-362 
S400 indicates that the buckling load of longitudinal steel bars and the confinement of the concrete 363 
core significantly decreased as the spacing of lateral ties increased from 50 mm (1.96 in.) to 400 mm 364 
(15.74 in.). Also, the ductility of the specimen with 400 mm (15.74 in.) tie spacing, which exceeds 365 
the required spacing of lateral ties by ACI 318-14,33 was not calculated as the specimen failed 366 
prematurely. The premature failure of Specimen B-S400 was because the large lateral tie spacing of 367 
Specimen B-S400 resulted in buckling of the longitudinal reinforcement at an early stage of loading.  368 
The test results of the specimens in Group A30 are reported in Table 3. The axial load-axial 369 
deformation responses of the specimens in Group A30 are presented in Fig. 7(b). Compared to 370 
Specimen A30-S100, the maximum axial load of Specimen A30-S50 was only 0.2% higher. This 371 
may be because the formation of a natural separation plane between the cover and the concrete core 372 
caused the failure of concrete cover in Specimen A30-S50 due to the closely spaced lateral ties. 373 
However, Specimen A30-S50 achieved 44.4% higher ductility than Specimen A30-S100. Specimen 374 
A30-S50 obtained 6.3% higher maximum axial load than Specimen A30-S200. In addition, the 375 
ductility of Specimen A30-S50 was 62.5% higher than the ductility of Specimen A30-S200. 376 
Specimen A30-S50 achieved 7.3% and 73.3% higher maximum axial load and ductility, respectively, 377 
than Specimen A30-S400. It is noted that the lateral tie spacing of Specimen A30-S50 was 50 mm 378 
(1.96 in.) and lateral tie spacing of Specimen A30-S400 was 400 mm (15.74 in.).  379 
The test results of the specimens in Group A40 are reported in Table 3. The axial load-axial 380 
deformation responses of the specimens in Group A40 are presented in Fig. 7(c). The maximum axial 381 
load of Specimen A40-S50 was 6.1% greater than the maximum axial load of Specimen A40-S100. 382 
Moreover, the ductility of Specimen A40-S50 was 42.1% higher than the ductility of Specimen A40-383 
S100. Specimen A40-S50 obtained 7.8% and 58.8% higher maximum axial load and ductility, 384 
respectively, compared to Specimen A40-S200. Also, Specimen A40-S50 obtained about 15.1% and 385 
68.8% higher maximum axial load and ductility, respectively, compared to Specimen A40-S400. For 386 
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the increase of the spacing of lateral ties from 50 mm (1.96 in.) to 400 mm (15.74 in.), the maximum 387 
axial load and ductility of the specimens reinforced with A40 SEA sections decreased by about 388 
15.1% and 68.8%, respectively. These decreases in the strength and ductility of specimens reinforced 389 
with A40 SEA were because the confinement of the concrete core decreased due to the increased 390 
spacing of lateral tie up to 400 mm (15.74 in.). Under axial compression, the effect of lateral ties to 391 
restrain the expansion of concrete core decreases as the spacing of lateral ties increases, which results 392 
in decreasing the strength and ductility of the column, similar to specimens reinforced with 393 
conventional steel bars.  394 
 395 
EVALUATION OF CONCENTRIC AXIAL LOAD CAPACITY 396 
The axial load capacity (𝑃𝑛) for each column specimen was calculated using AS 3600-09
32 (Eq. (2)). 397 
It is noted that the recommendation in AS 3600-0932 is only applicable for conventional steel bar 398 
reinforced concrete. In this study, Eq. (2) was used to calculate the axial load capacity for column 399 
specimens reinforced longitudinally with SEA sections to investigate whether AS 3600-0932 based 400 
recommendations for steel bar reinforced concrete columns can be applied for the SEA reinforced 401 
concrete columns. 402 
𝑃𝑛 = 𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑠) + 𝑓𝑦𝐴𝑠 (2) 
where, 𝐴𝑔 is the gross cross-sectional area of concrete column specimen, 𝐴𝑠 is the total area of 403 
longitudinal reinforcement, 𝑓𝑐
′ is the concrete compressive strength and 𝑓𝑦 is the yield tensile strength 404 
of longitudinal reinforcement. The 𝛼1 is a reduction factor that takes into account the differences in 405 
shape, concrete casting practice and size between standard concrete cylinders and concrete columns. 406 
35 In this study, the reduction factor is calculated according to AS 3600-0932 as a function of the 407 
compressive strength of concrete (𝛼1 = 1 − 0.003𝑓𝑐
′ within the limit 0.72 ≤ 𝛼1 ≤ 0.85) 408 
The experimental and calculated maximum axial loads of the tested column specimens are presented 409 
in Table 4. In Table 4, 𝑃𝑚𝑎𝑥 indicates the maximum axial load obtained from the experimental 410 
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investigations, 𝑃𝑛 indicates the calculated axial load capacity using Eq. (2), and 𝑃𝑚𝑎𝑥 𝑃𝑛⁄  indicates 411 
the ratio of the experimental to the calculated maximum axial load. It is noted that the spacing of 412 
lateral ties in Specimen B-S400 was much higher than the required spacing of lateral ties by ACI 413 
318-14.33 414 
It can be observed from Table 4 that the 𝑃𝑚𝑎𝑥 𝑃𝑛⁄  ratios are either higher than or equal to 1.0 when 415 
the lateral tie spacing is 50 mm (1.96 in.) and 100 mm (3.93 in.) for specimens reinforced with N12 416 
steel bars and SEA sections. For the lateral tie spacing of 200 mm (7.87 in.) and 400 mm (15.74 in.), 417 
the 𝑃𝑚𝑎𝑥 𝑃𝑛⁄  ratios are 0.91 and 0.65, respectively, for specimens reinforced with N12 steel bars. The 418 
rapid decrease of the 𝑃𝑚𝑎𝑥 𝑃𝑛⁄  ratio for specimens reinforced with N12 steel bar indicates the loss of 419 
confinement effectiveness of the concrete core and the loss of buckling load of the steel bars for 420 
larger spacing of lateral ties. However, for the lateral tie spacing of 200 mm (7.87 in.) and 400 mm 421 
(15.74 in.), the 𝑃𝑚𝑎𝑥 𝑃𝑛⁄  ratios are 0.97 and 0.96, respectively, for specimens reinforced with A30 422 
SEA sections. Also, for the lateral tie spacing of 200 mm (7.87 in.) and 400 mm (15.74 in.), the 423 
𝑃𝑚𝑎𝑥 𝑃𝑛⁄  ratios are 0.98 and 0.92, respectively, for specimens reinforced with A40 SEA sections. 424 
The higher 𝑃𝑚𝑎𝑥 𝑃𝑛⁄  ratios for specimens reinforced with SEA sections, especially for spacing of 425 
larger ties (200 mm (7.87 in.) and 400 mm (15.74 in.)), indicates the better performance of the 426 
specimens reinforced with A30 and A40 SEA sections compared to the specimens reinforced with 427 
N12 steel bars. Hence, larger lateral tie spacing might be recommended for specimens reinforced 428 
with A30 and A40 SEA sections.  429 
 430 
CONCLUSIONS 431 
Twelve square HSC column specimens were tested under concentric axial loads. Eight of the 432 
specimens were reinforced longitudinally with SEA sections (A30 and A40) to investigate the effect 433 
of the SEA sections as longitudinal reinforcement with different spacing of lateral ties. For 434 
comparison purposes, four specimens were reinforced longitudinally with conventional steel bars 435 
(N12 steel bars). Based on the test results of this study, the following conclusions are drawn: 436 
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1. In general, the failure of the specimens reinforced with N12 steel bars was characterised by the 437 
buckling of longitudinal bars, which was followed by the fracture of lateral ties at welded points for 438 
50 mm (1.96 in.) and 100 mm (3.93 in.) center-to-center spacing of lateral ties. However, for 200 439 
mm (7.87 in.) and 400 mm (15.74 in.) center-to-center spacing of lateral ties, the failure of the 440 
specimen was characterised by buckling of longitudinal steel bars and the crushing of concrete core. 441 
The failure of specimens reinforced with A30 and A40 SEA sections was characterized by the 442 
buckling of longitudinal SEA sections, which was followed by the fracture of lateral ties at welded 443 
points for 50 mm (1.96 in.) center-to-center spacing of lateral ties. Whereas, in general, the failure 444 
of specimens reinforced with A30 and A40 SEA sections with center-to-center spacing of lateral ties 445 
of 100 mm (3.93 in.) to 400 mm (15.74 in.) was attributed to the buckling of longitudinal SEA 446 
sections and then cracking of the concrete core. 447 
2. The maximum axial loads of Specimens B-S50 and B-S100 were 11.6% and 2.7%, respectively, 448 
greater than the maximum axial loads of Specimens A30-S50 and A30-S100. However, at the 449 
maximum axial load, the force contribution of N12 steel bars in Specimen B-S50 and B-S100 was 450 
27% higher than the force contribution of A30 SEA sections in Specimens A30-S50 and A30-S100, 451 
respectively. The maximum axial loads of Specimens B-S200 and B-S400 were 2.5% and 52%, 452 
respectively, lower than the maximum axial loads of Specimens A30-S200 and A30-S400. At the 453 
same lateral tie spacing, all specimens reinforced with A30 SEA sections exhibited higher ductility 454 
compared to reference specimens reinforced with N12 steel bars. This was because the use of the 455 
A30 SEA sections as longitudinal reinforcement in HSC column specimens increased the effective 456 
confinement of the concrete core of the specimens.  457 
3. For the same center-to-center spacing of lateral ties, all specimens reinforced longitudinally with 458 
A40 SEA sections exhibited higher maximum axial load and ductility than the corresponding 459 
specimens reinforced longitudinally with N12 steel bars. Increasing the spacing of lateral ties from 460 
50 mm (1.96 in.) to 400 mm (15.74 in.) led to a decrease of 15.1% of the maximum axial load for 461 
specimens reinforced with A40 SEA sections. In addition, Specimens A40-S50, A40-S100, and A40-462 
19 
 
S200 showed higher maximum axial load and ductility compared to the Specimens A30-S50, A30-463 
S100 and A30-S200, respectively. The reason for higher maximum axial load and ductility of 464 
specimens reinforced with A40 SEA sections was due to the combined effect of the increased 465 
confinement effectiveness of the concrete core and the greater cross section area of A40 SEA section  466 
4. For the same center-to-center spacing of lateral ties, all specimens reinforced longitudinally with 467 
A40 SEA sections exhibited higher maximum axial load and ductility than the corresponding 468 
specimens reinforced longitudinally with N12 steel bars. Increasing the spacing of lateral ties from 469 
50 mm (1.96 in.) to 400 mm (15.74 in.) led to a decrease of 15.1% of the maximum axial load for 470 
specimens reinforced with A40 SEA sections. In addition, Specimens A40-S50, A40-S100, and A40-471 
S200 showed higher maximum axial load and ductility compared to the Specimens A30-S50, A30-472 
S100 and A30-S200, respectively. The reason for higher maximum axial load and ductility of 473 
specimens reinforced with A40 SEA sections was due to the combined effect of the increased 474 
confinement effectiveness of the concrete core and the greater cross section area of A40 SEA section  475 
5. For specimens with lateral tie spacing of 400 mm (15.74 in.), the use of the conventional steel bar 476 
as longitudinal reinforcement led to a premature failure of the specimen, while the use of the SEA 477 
sections as longitudinal reinforcement did not lead to premature failure of the specimen. This was 478 
because the buckling load of SEA sections was significantly higher than the buckling load of steel 479 
bars.  480 
Finally, based on the test results of the HSC column specimens, it is evident that the use of SEA 481 
sections as longitudinal reinforcement for HSC columns can provide higher maximum axial load and 482 
ductility compared to the HSC columns reinforced longitudinally with conventional steel bars.  483 
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                       Notes: 1 mm = 0.0393 in. 
                     𝜌𝑏Volumetric ratio of longitudinal reinforcement (steel bars) in specimen cross section. 




















































































B-S50 2929 2.3 3.1 1.8 
A30-S50 2625 2.2 4.0 2.6 
A40-S50 3009 2.2 3.9 2.7 
B-S100 2626 2.1 2.7 1.6 
A30-S100 2619 2.3 2.8 1.8 
A40-S100 2836 2.4 3.2 1.9 
B-S200 2399 1.8 2.3 1.5 
A30-S200 2469 1.9 2.4 1.6 
A40-S200 2791 2.2 2.8 1.7 
B-S400 1717 1.8 - - 
A30-S400 2446 2.1 2.4 1.5 
A40-S400 2614 2.2 2.7 1.6 
Notes: 1 kN = 0.2248 kip; 1 mm = 0.0393 in. 
a represents the deformation corresponding to 80% of the maximum axial load in the descending 
























A30 30 2.5 132 350 200 
A40 40 4 280 450 200 
Measured (average) 
A30 29.1 2.25 122.6 374 208 
A40 39.3 3.7 268.3 473 205 
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Table 4 – Experimental and analytical concentric axial load capacity of column specimens 
Group Specimen 








B-S50 2929 2627 1.11 
B-S100 2626 2627 1.00 
B-S200 2399 2627 0.91 
B-S400 1718 2627 0.65 
A30 
A30-S50 2625 2557 1.03 
A30-S100 2619 2557 1.02 
A30-S200 2469 2557 0.97 
A30-S400 2446 2557 0.96 
A40 
A40-S50 3009 2849 1.06 
A40-S100 2836 2849 1.00 
A40-S200 2791 2849 0.98 
A40-S400 2614 2849 0.92 
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Fig. 4–Tested specimens after failure: (a) Group B Specimens, (b) Group A30 specimens; 
and (c) Group A40 specimens.
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Fig. 5–Axial load-axial deformation response of column specimens with tie spacing: (a) 50 mm; (b) 100 mm; (c) 200 mm; and (d) 400 mm. 






Fig. 6–Close-up views of the failure modes of column specimens (a) B-S200; (b) B-S400; (c) 








































Fig. 7–Axial load-axial deformation response: (a) Group B specimens; (b) Group A30 
specimens; and (c) Group A40 specimens. (Note: 1 kN =0.2248 kip; 1 mm = 0.0393 in.) 
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